The design of notch and barrier was optimized in order to improve the characteristics of constant torque while minimizing the cogging torque that occurs as a result of teeth and slot structure. The barrier was installed in order to minimize the cogging torque and torque ripple by finite element method (FEM) with a reduced barrier width toward the center of magnetic pole. The position and width of notch, which can offset cogging torque, can be calculated with energy distribution of air-gap using Fourier series. The optimized model demonstrates a 60% decrease in the cogging torque, a 75.3% decrease in the torque ripple and a 3% increase in the operating torque when compared with the basic model.
Introduction
An interior permanent magnet synchronous motor (IPMSM) is a mechanically strong structure with permanent magnets embedded in rotor, and the generating torque per unit volume is greater than that of surface permanent magnet synchronous motor (SPMSM) because the reluctance torque brought by a inductance difference between d-axis and q-axis is combined with the magnetic torque. In addition, IPMSM can be the fastening permanent magnet, so it can be used as an operating motor of precision equipment in case of the automotive electronics which requires suddenly decelerating operation and wide range of speed control [1−2] . However, IPMSM has disadvantages that local flux saturation is generated due to inserting permanent magnet into the rotor. Also, cogging torque is greater than that of SPMSM because of the large magnetic flux density caused by a small effective air-gap. Therefore, the vibration and noise occur when motor is operating [3−4] . The occurrence of these large vibration and noise makes the distortion of the current and can be a reason of malfunction in motor driving systems [5−6] . To decrease cogging torque and torque ripple, many solutions were proposed by changing stator shape and slot opening, but these are not effective methods to decrease cogging torque and torque ripple [7−10] . Therefore, to decrease cogging torque and operating torque ripple, notch and barrier on the rotor were installed in this work. Also, the optimized design was carried out by design of experiment and various characteristics including torque were studied by finite element method (FEM). In addition, in order to verify resonance frequency, natural frequency of the stator was analyzed by modal analysis and proved by experiment.
Generated torque

Model design and specifications
The basic model specifications are listed in Table 1 . The cogging torque is significant in comparison with the operating torque, thus the optimization of rotor shape is performed during a rated operation, which is able to decrease the cogging torque and maintain the operating torque.
Shape optimization
In this work, in order to improve the characteristics of the operating torque through the reduction of the cogging torque, a barrier and notch were installed. The optimization was performed through the experiment design and FEM analysis. The objective function was a minimization of the cogging torque while the operating torque was limited. The barrier model is a method of reducing the torque ripple using the sinusoidal distribution of the flux caused by the permanent magnet in the air-gap, which results in the flux density to be smaller toward the permanent q-axis by the d-axis standard [11] . By installing a barrier, the partial demagnetization was removed and the cogging torque was decreased. The location was set as a structure at both ends of the permanent magnet toward the center. Figure 1 shows the barrier locations. The barrier was installed in order to minimize the cogging torque and torque ripple by FEM with a reduced barrier width toward the center of magnetic pole. Table 2 gives a comparison of the operating characteristics according to the barrier location. When the barrier was increased at Position 2 (as shown in Fig. 2 ), the average torque decreased and the torque ripple increased because the barrier interfered with not only the path of the flux leakage block, but also the main flux flow. The cogging torque is a irregular torque in a motor and force of the tangential direction which moves to a location where the magnetic energy is minimum. The position (α) and width (γ) of the notch, which can offset cogging torque, can be calculated with energy distribution of air-gap using Fourier series. Because cogging torque is generated by the irregular magnetic distribution on the rotor surface, in the case of slotless which changes permeance in the air-gap, the energy function according to the magnetization distribution is shown in Fig. 3 . The cogging torque is presented as a harmonic wave during the motor operating, and it is multiples dividing the least common multiple of the number of permanent magnet poles and slots by poles. Therefore, the frequency of cogging torque formula is
In order to reduce cogging torque of harmonic components shown as the above formula, notch which can change the distribution of the flux density shape is designed. Figure 4 shows the equivalent magnetization distribution of notch applied model.
When the width of the notch is 2γ and the position of the notch is α, the energy function according to the magnetic distribution of the permanent magnet is as follow:
Fig. 4 Equivalent magnetization distribution of notch applied model 3 3 sin (3 ) 
, 3
2 π π π π 3 2 2 2 , 0, 1 , 2, 3
The position and width of notch were calculated by Fourier series [12−13] . Table 3 shows the result of harmonic components calculations. In the case of the eight-pole twelve-slot model, cogging torque was displayed as the 3n harmonics. However, when notch is solely installed and set after the installation of the barrier, the position is the same, but the width is changed. Because the notch width for reduction of 3n harmonics is influenced by cogging torque caused by barrier firstly, the optimized notch width is changed. Therefore, notch width has to be decided after installing the barrier and this is analyzed by FEM. Figure 5(a) shows the notch location. Model 1 is the optimized model that minimizes the cogging torque using only the installed notch. Model 2 optimized the barrier first and then applied the notch from Model 1. Model 3 is the optimized width of the notch after the barrier installation. The barrier locations of Model 2 and 3 are the same as that of Position 1. Table 4 gives the operating characteristics of each model. The cogging torque is largely decreased due to the reduction of the leakage flux and flux harmonics components in Model 2, as listed in Table 4 . However, the flux flow was distorted due to a large air-gap at the notch, so the torque ripple is significantly increased. Thus, in order to reduce the cogging torque and improve the torque operating characteristics, the notch width must be optimized after the barrier installation, as shown in Model 3. Figure 6 shows the cogging torque and operating torque characteristics of the basic model and the optimized Model 3. The cogging torque decreases due to the installation of the notch, yet the operating torque decreases due to the flux linkage reduction caused by an increase of the magnetic reluctance. Because the flux is sinusoidally distributed through the barrier installation, the operating torque increases. Thus, the overall operating characteristics are improved. The model optimization with the application of the notch and barrier is demonstrated by a 60% decrease in the cogging torque, a 75.3% decrease in the torque ripple, and a 3% increase in the operating torque compared with the basic model. Thus, the operating characteristics are significantly improved. Table 5 compares characteristics of the basic model and optimized model. Equation (9) shows a frequency f c of cogging torque:
Analysis of operating characteristics
where k is a constant; l cm is the smallest common multiple of pole and slot; N m is the number of revolutions. The frequency of the cogging torque is 1 200 Hz at the rated speed.
Radial magnetic force
In electrical equipment, the cause of noise can be classified using electromagnetic factors, mechanical factors, and aerodynamic factors. Figure 7 shows the Fig. 7 Origins of noise and vibration and their transfer process process where these causes are transmitted into the air through vibrations of each part [14] .
In order to reduce the vibrations from the motor, a comprehensive analysis of the above three factors and the combination between the mechanical and electronic systems was implemented. Figure 8 shows the imbalances of air-gap. Because the electromagnetic vibration source operating in the motor is generated by the organic relationship between the electromagnetic and mechanical factors, as shown in Fig. 8 , an eccentricity of air-gap caused by imbalance in the air-gap influences the vibration characteristic of the motor. The air-gap eccentricity can be classified as static eccentricity and dynamic eccentricity. These mechanical eccentricities cause the operating characteristics to degrade in the motor due to the creation of many harmonics in the flux density of air-gap, imbalances of the radial magnetic force (RMF) and worsening of the noise and vibration characteristics as a result of vibration force. Therefore, in order to decrease the vibration, the mechanical movement must be analyzed and the conditions of eccentricity must be predicted from the electromagnetic RMF [15−16] . In this work, the natural frequency of the stator and size of the resonance were compared through electromagnetic RMF calculations of each model. Figure 9 shows the free vibration using FEM without RMF, namely the natural frequency of stator, and the mode shapes due to natural frequency are represented by the frequency of each mode.
Natural frequency analysis and measurement of basic model
A silicon steel plate (S60-50PN1650) whose mass density is 7 850 kg/m³ is used as a material of stator, and the parameters of the elastic modulus and Poisson ratio are 200 GPa and 0.24, respectively. In process where the rotor pole pushed and pulled the end of the stator teeth, as shown in Fig. 10(a) , a twisted mode occurred, as illustrated in Fig. 9(b) . Also, for the force that was applied to the stator, as shown in Fig. 10(b) , the radial Figure 11 shows the motor and experimental devices which were used in the natural frequency experiment. The PV-97C was selected as an acceleration sensor, SA-01A-4 model was adopted as a signal analyzer, and a vibration signal was amplified by UV-06A amplifier. Figure 12 shows the experimental results. The experiment of the one-phase excitation was performed while the motor was stopped, as shown in Fig. 12(a) . Additionally, the voltage source was applied using a pulse wave in one-phase of three phases. Then, the vibration signal was measured in a radial direction that was impacted by an electromagnetic pulling force. In the three-phase excitation experiment, the vibration was measured when each phase was at the rated current, as shown in Fig. 12(b) .
As a result, the vibration was generated at the lower frequency than the mode shown in Fig. 9(b) . The reason is that the part of the frontier was different from the model of the analysis because the mounting of motor is installed on the frontier. Thus, satisfied results were obtained as the analysis value was relatively consistent with the experimental value.
The vibration due to the cogging torque is significantly reduced in the optimized model because the cogging torque was reduced by 30% compared with the basic model which has a fundamental frequency of 1 200 Hz of cogging torque.
Analysis of radial magnetic force
In previous analyses, it was difficult to compare the influence of the vibration according to the changes in the rotor shape because the influence of the rotor shape was not considered. The vibrations generated by the changes in the air-gap flux of the basic and optimized model were compared with the distribution and RMF conditions. The electromagnetic radial magnetic source is typically generated by the relation mechanical factor with the electromagnetic state. The resonance is generated when the frequency of electromagnetic vibration approaches the natural frequency of the motor. Thus, it not only causes the performance characteristics to decrease but also negatively influences other systems. Also, the wear and tear on the machine are very serious. The electromagnetic vibration source and noise are generated by the radial force density of the stator surface from the air-gap magnetic field in the open-circuit or on-load. The radial force density can be calculated using Maxwell's stress tensor method as
where F rad is the radial component of force density; B r and B θ are the radial and tangential components of the air-gap flux density, respectively; μ 0 is the permeability of free space; θ s is the angular position; t is the time. Figure 13 shows the radial force density of each model. Figure 14 shows the calculation and fast Fourier transform (FFT) of RMF to predict the electromagnetic radial source. The RMF is slightly increased due to the increase in the radial component of air gap flux. On the contrary, the harmonics of 1 200 Hz, which is relevant to the cogging torque frequency, is highly decreased. Thus, as a result of RMF analysis, the vibration will be extremely decreased by the huge reduction of RMF in the natural frequency band. 
Conclusions
1) The optimal design of a notch and barrier is undertaken through DOE and FEM analyses. Various characteristics and RMFs are studied. The shape of the rotor is carried out by FEM. The operating characteristics are improved when the notch width is optimized after the optimal design of the barrier. The optimized model applied with notch and barrier is demonstrated by 60% decrease of cogging torque, 75.3% decrease of torque ripple and 3% increase of operating torque than basic model. So, operating characteristic is significantly improved.
2) Since the RMF is decreased by reduction of cogging torque, the resonance of cogging torque frequency and operating frequency will be decreased. To verify the resonance of frequency, the natural frequency is calculated through modal analysis and proven by experiment. Also, the RMF is slightly increased due to the increase in the radial component of air gap flux. On the contrary, the harmonics, which is relevant to the cogging torque frequency, is highly decreased. Thus, as a result of RMF analysis, the vibration will be extremely decreased by the huge reduction of the RMF in the natural frequency band.
